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Abstract 
This paper presents an original approach for biological cell discrimination using impedance spectroscopy analysis at microwave 
frequency. This method allows a label free analysis really done at the cell scale using high frequency electromagnetic waves as a 
non-invasive tool to probe the intracellular medium. In this work, the biosensor sensitivity has been especially enhanced thanks 
to an appropriated design based on resonant microwave sensor. In this way, small electromagnetic wave interaction with 
micrometric objects can be accurately detected. This concept has been experimentally validated and is illustrated in this paper 
with measurements achieved on biological neuronal stem type cells.  
 
Keywords : Biosensor ; electrical bio-impedance ; microelectronics ; RF planar devices 
1. Introduction 
Since few years, the bioMEMS field had shown a strong research interest especially on biosensors that are now 
able to work at the cell scale thanks to on-going micro technology development for bio micro-systems. Indeed, this 
bio-devices miniaturization has allowed strongly enhancing the detection sensibility; as analyzed volumes can be 
highly decreased and a large number of paralyzed tests can be done on the same chip. For cell analysis, different 
bio-detection methods have been developed based for example on mechanical detection, optical or even on electrical 
techniques [1]. However, in order to allow a sufficient detection sensitivity, most of them generally require labeling 
cells with a specific chemical, antigen or molecule that can strongly modify cell properties or even definitively 
damage them [2]. Inversely, electronic detection methods are particularly interesting as they can be label free and 
then allow a non-invasive analysis. After analysis, the cell, hence kept in its original state, can be re-used for further 
investigations or simply re-introduced in its primeval environment.  
This aspect has mainly motivated the presented work that deals with a bio-detection method based on microwave 
frequencies as an efficient non-destructive and non-invasive probe to investigate the intra cellular content of cells. 
Since microwave frequencies are able to easily penetrate trough cell membranes, these frequencies are very 
interesting to analyze the intra cellular medium. In addition, at GigaHertz frequencies, the cell bio-impedance 
(effective permittivity and conductivity) strongly relied on its water content. Consequently, cell electrical properties 
are well representative of its physiological state or nature: cancerous cells are for example well known to exhibit a 
larger permittivity and conductivity than normal one [3-4]. The stem cell study is also a very promising application 
of such discrimination approach. Indeed, stem cells are undifferentiated cells with intrinsic properties potentially 
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well distinct from cells that they could become once differentiated. Overall, they are also poorly reactive cells, 
especially using classical labeling methods that make them today very difficult to identified and isolated. 
2. Biosensor design  
The proposed bio identification principle is based on the analysed cell bio-impedance measurement without any 
labelling. It is here applied to cells issued from human nervous system and especially specific cells that biologists 
have identified to be stem cells. The presented RF biosensor concept is based on a resonant structure, intrinsically 
very sensitive to small parameter changes [5]. These biosensors have been especially designed to accurately detect 
tiny interactions making them able to work with a very low concentration of biological elements up to single one.  
Our previous works have illustrated that the permittivity measurements achieved on both glial and neuronal cells 
thanks to RF resonant biosensors can allow an efficient cell discrimination and identification [6]. The detection 
capabilities of used biosensors were sufficient to detect few cells and extract their permittivity but remain still 
limited to detect one single cell. In addition, the measurement of tiny conductivity changes remains still challenging 
with this first resonant sensor generation. In this paper we introduce a new resonant structure especially designed in 
order to reach a higher sensitivity up to one single cell investigation. 
CPW access for on 
wafer RF measurement SU8 resist layer Micro culture chamber
Fused silica substrate Groundplane
Groundplane window
Capacitive area
 
  
Electrical cell modelling
Cv
Ccell Rcell
First resonator Second resonator
Filter input 
(RF excitation)
Interdigital capacitor
 
Fig. 1. (a) 3D view of the proposed biosensor design, (b) Electrical modeling of biological cell influence on the sensor. 
The proposed biosensor chip takes advantage of a classical microwave filter topology based on a two half wave 
microstrip resonators coupled through to an interdigited comb capacitor (figure 1.a). Microwave filters generally 
present a frequency dependant response that can be easily disturbed by their close environment. According to the 
electric field distribution along half wavelength resonators, the biosensor sensitivity will be maximised if cell 
interaction preferentially occurs on the interdigited capacitor used here to transfer the electromagnetic energy from 
one resonator to the other one. Hence as shown on figure 1.a, a biocompatible polymer based micro-culture chamber 
has been especially patterned on this area in order to impose a cell deposition mostly only in the gap between comb 
capacitor fingers. SU8 photo resist has been used for its good RF properties, and this polymer layer covers almost 
90% of the filter surface to prevent unwanted cell interactions with non-interesting biosensor areas.  
Biosensors are fabricated on a fused silica substrate for its low loss properties in the frequency band of interest 
and its transparency that allows the cell checking after deposition using classical reverse optical observation. Hence 
a dedicated window (figure 3.a) under the coupling capacitor has been opened in the substrate metallic layer back 
side required here as a ground reference for the microstrip electromagnetic wave propagating in such filter topology. 
Gold metallisation up to 5µm thick has been used since it is well known to be biocompatible and able to achieve 
very low loss performances in the GigaHertz frequency domain.  
 
At the filter resonant frequency, the RF signal magnitude into the coupling capacitor is maximum. In this 
configuration this capacitor, labelled Cv on figure 1.b, becomes very sensitive to any dielectric and conductive 
perturbation. The resulting sensor sensitivity capabilities can easily be evaluated using a simple cell electrical 
modelling using a capacitance Ccell and resistance Rcell association set in parallel to Cv coupling capacitor (figure 
1.b). Actually, the main challenge in the sensor design deals with the detection of very small capacitance as low as 
few femto Farads. Indeed to reach the required sensitivity to, the coupling capacitor geometry has been especially 
optimized by adjusting its value down to 20-30fF. Hence, a change of only 2 to 3fF on the coupling capacitor value 
become sufficiently detectable on the sensor response. In the presented biosensors, interdigital capacitors have been 
designed using an array of two by two 185µm long and 20µm wide fingers spaced from each other with 15µm large 
gaps. These 15µm wide gaps present dimensions in the same range than cell size, offering a better interaction with 
the microwave signal. Finally, the resonator lengths have been properly set to operate at 15.5GHz.  
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Fig. 2. Sensor sensitivity to small loading sample impedance changes: (a) versus Ccell ; (b) versus Rcell. The S21 parameter represents the RF 
signal attenuation through the filter whereas S11 parameter represents the amount of signal reflected to the filter input. 
As illustrated on figure 2, the sensor frequency response looks like to a classical passband RF filter shape, as the 
difference its is willingly deformed by the design in order to exhibit two distinct resonant peaks. Actually these 
peaks rely on propagation of two different quasi TEM wave modes: the even mode or the right one and odd mode 
for the left one. These propagating modes are well known in the microwave filter field and depend on the magnetic 
(for even mode) and electric field (for odd mode) distribution between the two coupled resonator. 
Now regarding this filter used as a sensor, once loaded by a dielectric and/or lossy sample, its frequency response 
exhibits a detectable frequency shift (figure 2.a) and a representative increase of reflected signal (figure 2.b) 
occurring on its left resonant peak. To the opposite, the peak relying on the even propagation mode should not be 
affected. Consequently to extracting the analyzed sample bio-impedance, the proposed bio-detection method 
consists in measuring the filter response drift and the level of reflected signal (parameter S11) at the new resonance 
frequency. Actually the cell intracellular medium permittivity value controls how much the sensor resonant 
frequency is shifted down whereas the increase of reflected signal level is directly relies on the overall cell 
conductivity. Thanks to this specific biosensor design, the achieved sensitivity to dielectric and conductivity 
perturbations is in the same range of the typical impedance that can be presented by a single biological cell in the 
gigahertz frequency domain as we have already demonstrated on glial cells [7]. 
 
  
 
 
Fig. 3. (a). Closer view on the biosensor capacitive area  before and (b) after cell deposition (reverse microscope view). 
3. Experimental protocol for cell analysis and results  
During RF characterizations, the integrity of cells located on the sensor must be conserved. In this context, a 
specific protocol based on paraformaldehyde (PFA) cell fixation has been adjusted from conventional biological 
method [8]. It first consists in a cell growth at 37°C in a humidified 5% CO2 - 95% air incubator. In a second step, 
cells are fixed in the PFA medium diluted in distilled water and rinsed in several baths of water. Next, droplet of 
water medium containing cells is deposited on biosensors inside the micro culture chambers using a micro pipette. 
Finally, biosensors are placed inside a heated tank at 60°C for 15minutes to evaporate all water solution. Cells are 
then fixed on the biosensor substrate, for most of them located into the gaps of the coupling capacitor (figure 3.b).  
 
C. Dalmay et al. / Procedia Chemistry 1 (2009) 742–745 744
  
The cell RF analysis is done using classical microwave measurement techniques with on-wafer measurement and 
biosensor characterizations are performed using coplanar GSG probe from Cascade and a HP 8722ES network 
analyser. It is important to notice that all measurements are done in air, without any liquid on the sensor. The PFA 
cell fixation step ensures to keep the cell integrity during the measurement for few tens of minutes. 
The S-parameters of unloaded biosensors are firstly measured as a reference before any cell deposition. Cells are 
then deposited on sensors and measured following rigorously the same procedure than before deposition.  At such 
frequencies, once calibrated, the measurement setup stays extremely stable for several hours allowing us to perform 
confident comparative measurement before and after cell deposition. 
 Experimentations presented here, were done at 20 °C on U87 stem cell. The reported results were obtained with 
a sensor loaded with 4 cells in the comb capacitor area as shown on the figure 3.b. The figure 4.a shows the resulting 
sensor frequency response change after the cell loading. Actually, a 100MHz frequency shift and 0.5dB degradation 
of filter return loss are observed on the left resonant peak. Based on these results, a post treatment methodology to 
evaluate the permittivity and conductivity value of the intra cellular content of cells can be used based on 3D EM 
full wave simulations of the sensor with and without cell. We are currently working on the optimization procedure 
to allow fitting simulations with measurement results finding the appropriate impedance cell parameter to converge 
to one unique solution. 
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Fig. 4. Measured sensor frequency response before and after cell deposition.  
4. Conclusion 
This paper presents an original label free biosensor concept operating at microwave frequencies dedicated to cell 
investigations. The proposed bio-detection method presents advantages to be label free and well adapted on low cell 
concentration conditions. Detection feasibility has been demonstrated on human stem cells from the central nervous 
system, and especially the high sensitivity capabilities of the sensor.  
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